Abstract-The correct identification of the intima-media thickness (IMT) of the common carotid artery (CCA) walls has a high clinical relevance as it represents one of the most reliable predictor for future cardiovascular events. In this work we propose and evaluate an integrated system for the segmentation of the intima-media complex (IMC) and the lumen diameter in longitudinal ultrasound video of the CCA based on normalization, speckle reduction filtering (with a first order statistics filter) and snakes segmentation. The algorithm is initialized in the first video frame of the cardiac cycle by an automated initialization procedure and the borders of the far wall and near wall of the CCA are estimated. The IMC and the carotid diameter are then segmented automatically in the consecutive video frames for one cardiac cycle. The proposed algorithm was evaluated on 10 longitudinal ultrasound B-mode videos of the CCA and is compared with the manual tracings of a neurovascular expert, for every 20 frames in a time span of 3-5 seconds, covering in general 1-2 cardiac cycles. The algorithm estimated an IMT mean ± standard deviation of (0.72±0.22) mm while the manual results were (0.70±0.19). The mean maximum and minimum diameter was (7.08±1.37) mm and (6.53±1.13) mm respectively. The results were validated based on statistical measures and univariate statistical analysis. It was shown that there was no significant difference between the snakes segmentation measurements and the manual measurements. The proposed integrated system could successfully segment the IMC in ultrasound CCA video sequences thus complementing manual measurements.
INTRODUCTION
Cardiovascular diseases (CVD) remain the biggest cause of deaths worldwide, though over the last two decades, cardiovascular mortality rates have declined in many highincome countries. At the same time cardiovascular deaths and disease have increased at an astonishingly fast rate in low-and middle-income countries [1] . The main reason leading to CVD is atherosclerosis, which is the buildup of plaque in the artery walls. The danger is that plaque can lead to aneurysms and blood clots, and clots in turn can result in thrombosis, heart attack, and stroke [1] . Carotid intima-media-thickness (IMT) is a measurement of the thickness of the innermost two layers of the artery wall and provides the distance between the lumenintima and the media-adventitia interfaces. The IMT can be observed and measured as the double line pattern on both walls of the longitudinal images of the common carotid artery (CCA) [2] .
It has been reported that the IMT is a good predictor of stroke incidence [3] . It is also a fact that the increase in the IMT of the CCA is directly associated with an increased risk of myocardial infarction and stroke, especially in elderly adults without any history of cardiovascular disease [1] - [3] . Noninvasive B-mode ultrasound imaging with high resolution is being used to estimate the IMT of the human carotid arteries. Thus, the IMT may be used for the screening of population as at least half of premature heart attacks and strokes, can, and should, be prevented [3] . IMT can be measured through segmentation of the intima media complex (IMC), which corresponds to the intima and media layers (see Fig. 1g and Fig. 1h for the corresponding automated and manual contour segmentations) of the arterial wall. Not only the IMT estimation, but also changes in the mechanical properties of the arterial wall are of interest as, they also have the potential to signalize the existence of early cardiovascular diseases. These changes can be detected by analyzing the arterial wall stiffness (or elasticity) using techniques such as diameter change estimation, artery distensibility or strain imaging [4] .
The objective of this work was to investigate a snakes based segmentation method of the IMC in ultrasound imaging of the CCA. This will facilitate the computation of the IMT (of the lower wall) and the artery distensibility characteristics in asymptomatic and symptomatic individuals.
We have found only two studies reported in the literature for segmenting the IMC in ultrasound videos of the CCA. More specifically, in [5] a semi-automatic model based segmentation technique based on the estimated intensity distributions of each CCA image frame was proposed and applied on 30 videos of healthy individuals. In another study [6] , a method was developed to measure carotid arterial diameter and IMT from B-mode images that utilizes edge tracking-multiframe image processing that automatically measures arterial diameter and IMT in multiple sequential frames spanning several cardiac cycles. The method was applied to 80 sequential frames of one video. Moreover, diameter and IMT measurements are supported in two
(g) (h) Figure 1 . IMT contour initialization procedure and final IMT snakes contour: (a) First frame of the original ultrasound video, (b) Normalised despeckled frame image with DsFhybrimedian filter (2 iterations, window 5x5), (c) binary image frame after dilation with a square window shape of size 9 after removing edges, (d) binary image fraemafter morphology operations, (f) initial snake contours mapped on the first video frame, (g) final snake contour after snakes deformation, (h) manual delineation of IMT with near-wall adventitia (I) and intima (II) and far-wall , intima (III) and adventitia (IV).
commercial software tools [18] , [19] . The later one [19] has FDA approval for clinical use.
There are a number of techniques that have been proposed for the segmentation of the IMC in ultrasound images of the CCA which are discussed in [7] . In two recent studies performed by our group [8] , [9] we presented a semi-automatic method for IMC segmentation [8] , that incorporated the use of active contours in a normalized rectangular region of interest where speckle removal had been applied [10] , [11] . In [9] , we presented an extension of the proposed methodology in [8] , where also the intima-and adventitia-layers of the CCA could be segmented.
This work presents an automated algorithm for the segmentation and tracking of the IMC and carotid diameter and its distensibility characteristics in ultrasound videos. Following image normalization [10] and despeckle filtering [11] , snakes were used to identify an initial intima-lumen boundary for both the near and far walls and thus estimating the diameter change over a cardiac cycle. The resulting segmentation was validated against an expert clinician's manual IMC and diameter segmentation.
II. MATERIALS & METHODS

A. Recording of Ultrasound Videos
A total of 10 B-mode longitudinal ultrasound videos of the CCA which display the vascular wall as a regular pattern that correlates with anatomical layers were recorded. The videos were acquired by the ATL HDI-5000 ultrasound scanner (Advanced Technology Laboratories, Seattle, USA) [12] with a resolution of 576X768 pixels with 256 gray levels, a spatial gray resolution of 17 pixels per mm (i.e. the resolution is 60µm) and having a frame rate of 100 frames/sec. All video frames were manually resolution-normalized at 16.66 pixels/mm. This was carried out to overcome the small variations in the number of pixels per mm of image depth (i.e for deeply situated carotid arteries, image depth was increased and therefore digital image spatial resolution would have decreased) and in order to maintain uniformity in the digital image spatial resolution [12] . The videos were recorded at the Saint Mary's Hospital, Imperial College of Medicine, Science and Technology, UK, from asymptomatic patients.
B. Ultrasound Video Normalisation
Brightness adjustments of ultrasound videos were carried out in this study based on the method introduced in [14] , which improves image compatibility by reducing the variability introduced by different gain settings, different operators, different equipment, and facilitates ultrasound tissue comparability. Algebraic (linear) scaling of the first video frame was manually performed by linearly adjusting the image so that the median gray level value of the blood was 0-5, and the median gray level of the adventitia (artery wall) was 180-190 [14] . The scale of the gray level of the images ranged from 0-255. Thus the brightness of all pixels in the image was readjusted according to the linear scale defined by selecting the two reference regions. The subsequent frames of the video were then normalized based on the selection of the first frame.
C. Speckle Reduction Filtering (DsFhybridmedian)
In this study the filter DsFhybridmedian, which was introduced in [15] and which produces the median of the outputs generated by median filtering with three different windows (cross shape window, x-shape window and normal window) was applied to each consecutive frame prior to IMC segmentation. The filter was applied twice to each video frame using a 5x5 pixel moving window (see Fig. 1 
D. Manual IMC Segmentation
An expert (vascular surgeon) manually delineated the IMC borders every 20 frames on 10 longitudinal B-mode ultrasound videos of the CCA. The three contours correspond to the far wall media-adventitia interface, the far wall lumen-intima interface and the near wall intima-lumen interface (see Fig. 1h ). This procedure was carried out after image normalization and speckle reduction filtering (see section II.C and section II.D), using MATLAB software developed by our group.
The video segmentations were performed for 3-5 seconds, covering in general 2-3 cardiac cycles, 1cm proximal to the bifurcation of the CCA at a length of 2-3 cm on the far wall. Measurements taken from the near wall are avoided because they are less accurate, caused by overlap of echo pulses, and therefore less reproducible than those taken from the far wall [13] . This is because the adventitia is more echogenic than the blood and bright echoes produced by the adventitia of the near wall can "spill" into the adjacent blood.
E. Automated Segmentation Based on Snakes
The segmentation procedure is described as follows (see Fig. 1 ): 1) Load the first video frame (see Fig. 1a ), perform normalization (in the first frame) (see section II.B) and despeckle filtering (see Section II.C) and apply to all consecutive video frames. The normalized despeckled first video frame is shown in Fig. 1b) . 2) Binarize the image by image thresholding, in order to extract edges more easily (see Fig. 1c ). 3) Erode the binary image (from point 3) above) by applying an erode morphological operation that eliminates smaller not connected binary image areas (see Fig. 1d ). 4) Perform edge detection on the binary eroded image and extract the contoured image (see Fig. 1e ). Extract the contour matrix of the above area by locating points and their coordinates on the borders (contours) and construct three interpolating B-splines (The three contours correspond to the far wall media-adventitia interface, the far wall lumen-intima interface and the near wall intima-lumen interface (see Fig. 1h) ). Sample the interpolating B-splines in 30 equal segments, in order to define 30 snake elements on the contour. Connect the first and the last snake points on the initial contour to form a closed contour. 5) Map the three detected contours from 4), on the first frame of the video (see Fig. 1f ) to form the initial snake contours (see Fig.  1f ). 6) Deform the initial contours by the snake to accurately locate the borders and save them (see Fig. 1g ). 7) Map the final snake contour from the first video frame, on the second frame of the video, deform by the snake to detect and save the final IMC contours. 8) Repeat the above procedure for all consecutive frames of the video.
The Williams & Shah snakes segmentation method [16] was used to deform the snake and segment the IMC borders. A snake contour may be represented parametrically by ( ) [ ( ),
x y ∈ℜ denotes the spatial coordinates of an image, and
represents the parametric domain. The snake adapts itself by a dynamic process that minimizes an energy function defined as follows [16] : [16] . It attracts the snake to low-level features such as brightness and edge data. Finally, the term
v is the external energy of the snake, that is user defined and is optional.
The method was also proposed and evaluated in [8] and [9] , in 100 ultrasound images of the CCA and more details about the model can be found there. For the Williams & Shah snake, the strength, tension and stiffness parameters were equal to 
F. Measurements
Measurements were carried out for 3-5 seconds, covering in general 2-3 cardiac cycles, 1cm proximal to the bifurcation. The manual IMT was measured in the first frame and then every 20 frames per subject over the whole cardiac cycle. The automated IMT was measured at each frame per subject over the whole cardiac cycle. The distance was computed between the two boundaries, at all points along the arterial segment of interest moving perpendicularly between pixel pairs, and then averaged to obtain the mean IMT (IMT mean ). Also the maximum (IMT max ), minimum (IMT min ), and median (IMT median ) IMT values, are calculated. Figure 1g shows the detected IMT mean on the first video frame (see also Fig. 2a)-d) for IMC detection on different video frames).
In order to investigate how the results of the snakes segmentation method differ from the manual delineation results, we used the following measurements. We computed the parameters IMT mean , IMT min , IMT max , and IMT median , for each video frame as well as the standard deviation over the whole video frames at end diastole. We have also computed the carotid diameter during contraction (CDC), the carotid diameter during distension (CDD) and the percentage of the carotid wall distension (%CWD=((CDD-CDC)/CDC)*100%).
G. Evaluation Metrics
Furthermore, in order to evaluate our algorithm, the following evaluation metrics between the automated and manual contours for all three detected borders were computed. (a) (b) Figure 3 . Lumen rate of change for the video of Fig.2, showing in a) the diameter change over two cardiac cycles, and in b) the IMT rate of change for one cardiac cycle.
The three contours correspond to the far wall media-adventitia interface, the far wall lumen-intima interface and the near wall intima-lumen interface (see Fig. 1h ).
1) The mean average error (MAE):
2) The mean average randomized error:
3) The randomized mean square error (RMSE):
where A and M represent the automated and manual contour points and N is the number of points.
4) The normalized mean square error (NMSE):
N std RMSE NMSE / * 100 = with std N is the standard deviation over all timings.
5)
The carotid intima-media area (CIMA): Figure 2 illustrates an example of a CCA video IMT and carotid diameter manual (see Fig. 2 , left column) and automated (see Fig. 2, right column) Figure 3a illustrates the lumen rate of change of a video of a CCA, showing the diameter change over all video frames, while Fig. 3b presents the IMT rate of change over all video frames for one cardiac cycle. It is shown that the IMT has a variation of 0.02 mm over all cardiac cycles, with a mean IMT of 0.84mm, while the diameter ranges between 6.9 mm and 7.63mm, with a carotid diameter difference of 0.73mm. Table I illustrates the results for the mean, median, minimum and maximum IMT values estimated manually and automatically from the proposed algorithm for all videos investigated. The results after the automated segmentation of all 10 videos of the CCA gave values of IMT mean =0.72±0.4mm, IMT medain =0.71±0.21mm, IMT min =0.67±1.1mm, IMT mean =0.76±0.21mm. No significance difference was found between the manual and the automated IMT segmentation measurements (p=0.003). Table II presents the manual and automated results of the carotid diameter during contraction (CDC), the carotid diameter during distension (CDD) (CDC=6.53±1.1mm, CDD=7.08±1.2mm) and the percentage of the carotid wall distension (%CWD=((CDD-CDC)/CDC)*100%), which was %CWD=7.67±1.9. We found significant differences between the manual and the automated CDC and %CWD ((p=0.13 and p=0.92) and no significant differences for the CDD (p=0.006). Table III presents The results of the proposed semi automatic IMC and diameter video segmentation method can be favorably compared to the results of the segmentation of the carotid plaque in ultrasound images presented in our recent studies [8] , [9] , and also with the results presented in [5] , [6] and [17] . Comparing the proposed video segmentation technique with our previous study in [8] and [9] , where segmentation of 100 images were of the CCA were performed (IMT mean =0.69±0.13mm) we may observe that values of the IMT estimated in this study are larger (IMT mean =0.72±0.22mm) and with higher standard deviation. The higher standard deviation is due to the fact that the snake contour will not be so accurately repositioned in the following frames and converges to a different location. The average computation of the snake contour was about 15 seconds per frame. Taking into account that the expert clinician required over 25 seconds per frame for the manual delineation and the fact that there are about 500 frames per cardiac cycle, there is an average time saving of 8 minutes per video assuming manual segmentation is carried out every 20 frames. It should also be noted that the accuracy of the method may be improved if the first frame snake initialization is more accurate. The results of this study showed that the automated measurements are highly reproducible (see Tables I-III) where the proposed method over estimates the IMT and diameter with a small error of about 0.015.
In [5] and [6] images were neither normalized nor despeckled nor an automatic contour estimation was used as in this study. The normalization used in this study ensures that the method and the results are not dependent on the equipment used. This is not the case for the video segmentation method proposed in [5] , where the region based segmentation was established using the statistical distribution of the gray level of the frames whilst speckle noise was not taken into consideration. The method is fast and does not require extensive user interaction. The evaluation of the method results in a mean of IMT difference of 0.02 mm with a standard deviation of 0.19 mm and compares favorably to other automated methods presented in the literature [5] , [6] . A commercialized software system [18] for longitudinal image and video segmentation, which also supports DICOM image analysis of the IMT is available, where diameter and IMT changes over the cardiac cycle can be measured. Finally, in [20] , a software tool based on snakes for efficient semiautomated annotation of images and image sequences was presented. Further improvement could be achieved to enable the use of the proposed video segmentation technique in the real clinical praxis if the initialization of the snake contours (see Section II.E) is applied every 30 or 40 frames so that the snake contour is repositioned closer to the plaque borders. Additionally, the longitudinal movement and the resulting shear strain of the CCA may be investigated as in [21] , where similar findings for the IMT and diameter rate of change were found. Furthermore, the neighboring frames correlation may be utilized in order to achieve a more robust method. It seems that the assistance of humans will remain essential in any practical image and video segmentation method, therefore incorporating high-level human knowledge algorithmically into the computer still remains a challenge. With a large number of segmentation algorithms being developed in last few years the performance evaluation of these algorithms will also attract more research efforts. The results of this study show very good agreement with the expert clinician's segmentation, though an evaluation on a larger dataset will take place.
V. CONCLUDING REMARKS
This paper presents a fully automated method for the segmentation of the IMC so that the IMT can be evaluated. The IMC in the near wall of the CCA is not properly detected due to the nature of US imaging, thus the segmentation algorithm is developed for segmentation of the IMC at the far wall, where the borders are visible [6] . The success of the algorithm is due to the use of the available anatomical information regarding the position and general structure of the CCA to establish the best possible outcome. The algorithm is evaluated on images from 10 cases with a mean IMT difference of 0.09 mm. The algorithm works well even on difficult cases, but further evaluation is required. Future work will involve assessment of the algorithm on a much larger dataset and discussion of how inter-and intra-observer variability affects the evaluation of the results.
